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ABSTRACT

e C;5-C, intermediate photosynthesis has evolved at least five times convergently in the

Brassicaceae, despite this family lacking bona fide C4 species. The establishment of this
carbon concentrating mechanism is known to require a complex suite of ultrastruc-
tural modifications, as well as changes in spatial expression patterns, which are both
thought to be underpinned by a reconfiguration of existing gene-regulatory networks.
However, to date, the mechanisms which underpin the reconfiguration of these gene
networks are largely unknown.

In this study, we used a pan-genomic association approach to identify genomic fea-
tures that could confer differential gene expression towards the C;-C, intermediate
state by analysing eight C; species and seven C;-C, species from five independent ori-
gins in the Brassicaceae.

We found a strong correlation between transposable element (TE) insertions in cis-
regulatory regions and C;-C, intermediacy. Specifically, our study revealed 113 gene models
in which the presence of a TE within a gene correlates with C;-C, intermediate photosyn-
thesis. In this set, genes involved in the photorespiratory glycine shuttle are enriched,
including the glycine decarboxylase P-protein whose expression domain undergoes a spatial
shift during the transition to C;-C4 photosynthesis. When further interrogating this gene,
we discovered independent TE insertions in its upstream region which we conclude to be
responsible for causing the spatial shift in GLDPI gene expression.

Our findings hint at a pivotal role of TEs in the evolution of C;-C, intermediacy, espe-

cially in mediating differential spatial gene expression.

INTRODUCTION

C, photosynthesis has convergently evolved more than 60
times in flowering land plants (Sage et al. 2012). C, photosyn-
thesis functions as a biochemical carbon concentrating mecha-
nism that reduces the rate of photorespiration and thereby
increases photosynthetic efficiency. Species that perform C,
photosynthesis are mainly found in warm, dry and high-light
environments in which leaf internal CO, levels are frequently
low and, by extension, the oxygenation to carboxylation ratio
of Rubisco is elevated (Sage et al. 2012; Betti et al. 2016).
Although C, photosynthesis has evolved independently in mul-
tiple disparate plant lineages, the complexity of the required
anatomical, biochemical, and developmental adaptations
makes engineering C, photosynthesis a difficult undertaking.
Plants that exhibit C;-C, intermediate phenotypes are promis-
ing research subjects to study the early steps towards
C, photosynthesis (Kennedy & Laetsch 1974; Schliiter &
Weber 2016; Bellasio & Farquhar 2019; Lundgren 2020). C;-C,
intermediate species exhibit specialized anatomical traits and
they differ from C, species as they do not possess a fully

integrated C, cycle. C;-C, intermediate traits are characterized
by a lowered CO, compensation point (CCP), chloroplast and
mitochondria-rich bundle-sheath cells (BSC) and, in some cases,
an increased vein density (Dengler et al. 1994; Christin
et al. 2011; Schliiter et al. 2017). A further trait that is commonly
shared between C;-C, intermediate species from independent
origins is the photorespiratory glycine shuttle, sometimes
referred to as C, photosynthesis (reviewed in Schliiter &
Weber (2016)). This shuttle relies on the BSC-specific decarbox-
ylation of photorespiratory glycine, leading to an elevated CO,
concentration around Rubisco. By extension, this increased par-
tial pressure of CO, around the site of its fixation leads to a
higher frequency of the Rubisco carboxylation reaction com-
pared to oxygenation reactions, thereby suppressing photorespi-
ration and resulting in decreased CCP (Kennedy & Laetsch 1974;
Monson & Edwards 1984; Schliiter et al. 2017).

Changes in the spatial and temporal patterns of gene
expression are crucial for the evolution of C;-C, intermediate
photosynthesis (Hibberd & Covshoff 2010; Reeves et al.
2017). Previously, it has been shown that the BSC-specific
decarboxylation of glycine is caused by the differential
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localization of the glycine decarboxylase complex (GDC). In
C;-C, intermediate species from the genera Moricandia, Fla-
veria and Panicum, the P-protein of the GDC is only
observed in BSC mitochondria, but not in mesophyll cell
(MC) mitochondria (reviewed in Schulze et al. (2016)). This
is a notable example of convergent evolution, as these species
belong to the distant families Brassicaceae, Asteraceae
and Poaceae. In these plants, loss of the GDC P-protein
from the MC restricts glycine decarboxylation to the BSC in
C;-C, intermediate species (Rawsthorne et al. 1988; Morgan
et al. 1993; Schulze et al. 2016). However, the exact mecha-
nism by which this is achieved differs between different spe-
cies. For instance, in C; Flaveria, the gene encoding the GDC
P-protein (GLDP) is present in two differentially regulated
copies, GLDPA and GLDPB. In C;-C, intermediate Flaveria
species, the ubiquitously expressed GLDPB is downregulated
compared to Cs Flaveria species, whereas the BSC-specific
GLDPA is highly expressed (Schulze et al. 2013). In contrast,
in C;-C, intermediate Moricandia, the differential expression
of GLDP is thought to be mediated by the loss of one gene
copy and a change in regulation of the other copy. Specifi-
cally, in C;-C, intermediate Brassiceae species, GLDP2 is
absent and GLDPI was reported to be differentially expressed
by loss of a potential cis-element called M-Box. The M-Box
element in the Arabidopsis thaliana GLDP1 promoter confers
a low-level expression in both MC and BSC and is absent
from the upstream region of GLDPI in Cs;-C, intermediate
Moricandia species. A second cis-element, the V-Box, was
shown to confer high levels of expression in the BSC and is
present in all analysed Brassicaceae GLDPI promoter
sequences to date (Adwy et al. 2015, 2019). Thus, there are

multiple mechanisms through which GLDPI expression can
be changed, from being ubiquitously expressed in the leaf, to
being BSC-specific in C;-C, plants.

Structural variation can originate from the activity of mobile
genetic elements. In plants, transposable elements (TEs) com-
prise a large fraction of mobile genetic elements and contribute
substantially to genome size variation (Lee & Kim 2014) and
have substantial effects on the expression of genes (Hirsch &
Springer 2017). TEs can be divided into two classes (Wicker
et al. 2007) based on their transposition mechanisms: Class I
transposons proliferate via a “copy-and-paste” mechanism
involving an RNA intermediate, whereas Class II transposons
transpose directly via a “cut-and-paste” mechanism. Due to
their impact on structural variation, it has been frequently pro-
posed that TEs can play a part in genome evolution and the
evolution of novel genetic and phenotypic features (Wicker
et al. 2007; Feschotte 2008; Buchmann et al. 2012; Qiu &
Kohler 2020). Decades ago, Britten & Davidson (1971) put for-
ward the idea that co-option of mobile sequences containing
gene regulatory elements can connect genes to the same gene
regulatory networks. The co-option of TEs for regulatory pur-
poses is called “exaptation” (Brosius & Gould 1992). In the
present day, with the vast amount of genomic data available, a
deeper understanding of the role of transposable elements in
genetic regulation allows linking genomic mechanisms with the
evolution of complex traits.

TEs can rewire gene regulatory networks using different
modes of action and influence the interplay of regulatory pro-
teins (trans-elements) and the DNA sequences they are binding
to (cis-elements). One such mode of action is the exaptation of
a cis-regulatory element (CRE) from a separate gene (Fig. 1). If

> gene
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Fig. 1. Schematic illustration of gene regulation rewiring by TE exaptation. A: The hypothetical gene G1 is controlled by a cis-regulatory element (CRE, green
dot). B: Gene G2 is regulated by a different CRE (orange dot) located within a TE (blue box). Upon transposition of the TE to the upstream region of G1, G1
might co-opt the function of the orange CRE, thus connecting G1 and G2 to the same gene regulatory network. C: TE transposition can also lead to destruc-
tion or suppression of the CRE. D: During TE decay, new CREs (blue dot) might occur through accumulation of point mutations.
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the CRE inside a TE is copied from one gene and retained by
the other gene, both genes become controlled by a mutual CRE
and are thus connected by a shared gene regulatory network
(Fig. 1B). In contrast to this scenario, it is also possible that TE
integration into a CRE can suppress its function, either by
interrupting the CRE sequence or altering the chromatin state
of the respective CRE locus (Fig. 1C) (Feschotte 2008). A fur-
ther possibility is the de novo generation of new CRE by point
mutations in TEs (Fig. 1D). New CREs, e.g., a 10-mer pro-
moter element, can arise by random point mutations between
700,000 and 4.8 million years (Behrens & Vingron 2010).

Several examples for the role of TEs in rewiring gene regula-
tory networks in plants have been reported. In rice, the mPing
DNA transposon was found preferentially in the 5’ region and
was associated with the upregulation of stress response genes
(Naito et al. 2009). In Brassicaceae, the evolution of heat toler-
ance was linked to the activity of Copia retrotransposons con-
taining heat-shock factor binding elements (Pietzenuk
et al. 2016). Furthermore, TEs were also found to be associated
with endosperm development, e.g. the distribution of the
PHEREsl MADS-box transcription factor binding motifs by
Helitron transposons in A. thaliana (Batista et al. 2019). The
Youren miniature inverted-repeat TE (MITE ) was shown to be
transcribed in rice endosperm, putatively mediated by a
NUCLEAR FACTOR Y binding motif in the vicinity of the 5
terminal inverted repeat (TIR) of Youren (Nagata et al. 2022).

Previously, it has been shown that TEs play a significant role in
the evolution of C, photosynthesis in maize. For instance, by ana-
lysing 40 C, gene orthologs between rice and maize for the pres-
ence of BSC-specific promoter motifs, Cao et al. (2016) identified
over 1,000 promoter motifs that were differentially distributed
between C; and C, orthologs, of which more than 60% were
found to be associated with TEs and potentially co-opted by TE
integration. These motifs may originate from non-photosynthetic
genes and transposed to C, genes, which connected gene regula-
tory networks. The authors showed that TEs play a significant
role in the evolution of C, photosynthesis in maize. However, the
study of Cao et al. (2016) focused on evolutionary distant grasses,
which makes it difficult to draw conclusions about the early evo-
lutionary events towards C, photosynthesis.

In the present study, we test whether TE insertions are
involved in decisive steps of the evolutionary establishment of
C;-C, intermediate photosynthesis. To do this, we focused
on the Brassicaceae family which exhibits at least five indepen-
dent origins of C;-C, intermediate photosynthesis (Schliiter
et al. 2022; Guerreiro et al. 2023) and contains multiple impor-
tant and well-studied model plant species such as A. thaliana,
Arabis alpina as well as relevant crop and vegetable plants such
as Brassica oleracea (cabbage) and Diplotaxis tenuifolia (arugula).

We performed a pan-genomic association study to analyse
the TE landscape of 15 Brassicaceae species. We tested for cor-
relations between TE positions and the presence of C;-C, inter-
mediate traits. Specifically, we tested for correlations between
the presence or absence of upstream co-occurring TEs with the
CO, compensation point. In this unbiased approach, we aimed
at finding genes that retained upstream TEs selectively only in
C;-C, intermediate plants. Based on the results of this analysis,
we examined the upstream regions of relevant photorespiratory
genes in closer detail to assess the potential role that TE inser-
tions have played during establishment of Cs-C, photosynthe-
sis traits. In doing so, we present evidence that the insertion of

TEs in cis-regulatory regions of key genes is associated with the
evolution of C;-C, photosynthesis in the Brassicaceae.

MATERIAL AND METHODS
Genomes and carbon compensation points

The genomes of Brassica gravinae (Bg), B. tournefortii (Bt),
Carrichtera annua (Ca), Diplotaxis erucoides (De), D. tenuifolia
(Dt), D. viminea (Dv), Hirschfeldia incana (accessions HIR1
and HIR3), Moricandia nitens (Mn) and M. suffruticosa (Ms)
were obtained from Guerreiro et al. (2023). The genome of
Arabis alpina (Aa) was obtained from Jiao et al. (2017). The
genome of A. thaliana (At) was obtained from Lamesch
et al. (2012). The genome of Moricandia arvensis (Ma) and M.
moricandioides (Mm) were obtained from Lin et al. (2021). The
genome assembly for Brassica oleracea (Bo) was obtained from
Parkin ef al. (2014). The genome for Gynandropsis gynandra
(Gg) was obtained from Hoang et al. (2022). A full list of spe-
cies names and accession number and sources can be found in
Table S1. Gas exchange data were obtained from Schliiter
et al. (2022). The phylogenetic tree of all studied species was
obtained from Guerreiro et al. (2023).

Gene annotation

Consistent structural gene annotations were generated for each
species using Helixer (Holst et al. 2023) with the hybrid convo-
lutional and bidirectional long-short term memory model,
HybridModel, specifically the trained instance of land_-
plant_v0.3_m_0100 with default parameters.

Annotation of transposable elements

The TEs were de novo annotated using EDTA 1.9.9 (Ou
et al. 2019) using the -anno 1 and -sensitive 1 flags. For the cal-
culation of genomic composition (Figs 2 and 3), intact and
fragmented TEs were used. To reduce the influence of false-
positive hits, the pan-genomic gene-TE association study was
performed for intact TEs only. The long terminal repeats
(LTR) insertion time was calculated using

1—-LTRidentity
2Xp

Linsertion =

assuming a neutral mutation rate of p=1.4x10"% substitu-
tions per site per year (Cai et al. 2018). The LTR identity was
calculated as fraction of conserved base pairs of the aligned
LTRs from the identified LTR elements:

Number of conserved bp
Number of total bp

LTR identity =

Analysis of differential transposable element insertion

All downstream analyses were performed using Python 3.6
including pandas 1.2.4, numpy 1.20.1, matplotlib 3.4.1, scikit-
learn 0.24.1, scipy 1.6.2 and statsmodels 0.12.2. All raw data and
analyses are available in an Annotated Research Context (ARC)
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Fig. 2. Phylogeny and genomic composition of 15 selected Brassicaceae species and the Cleomaceae outgroup. C3-C4 intermediate species are highlighted in
green, the C4 outgroup Gynandropsis gynandra is highlighted in red. TE-related nucleotides are defined as spanning intact and fragmented transposon.

Tc1 Mariner TIR transposon { &% . C3
B3 C3-C4
hAT TIR transposon{ & °
Mutator TIR transposon A '_:__.- ¢
PIF Harbinger TIR transposon { "o%, ®
CACTA TIR transposon - '_._-_..

Helitron - — ———mn °
unknown LTR retrotransposon - . —— °
Copia LTR retrotransposon - T — ——

Gypsy LTR retrotransposon -

5 10 15 20

percentage of genome spanned by TEs

Fig. 3. Boxplot indicating the percentage of the genome comprised by each class of intact and fragmented TEs in eight C5 and six C3-C,4 intermediate species.
The y-axis shows the TE classes, the x-axis indicates the fraction of the genome made up by the respective TE class. Black boxes depict Cs species and green

boxes depict C3-C4 intermediate species.

format under https://git.nfdi4plants.org/setril00/triesch2023_
brassicaceae_transposons. A schematic workflow can be found
in Supplementary Figure S1. The annotation files for genes and
intact TEs were compared for each species. TEs were considered
co-occurring with genes if their position matched one of the five
cases described in Fig. 5. CoGe SynMap (https://genomevolution.
org/coge/SynMap.pl) was used to identify orthologs and paralogs
between the set of species. Each syntenic gene model was func-
tionally annotated using Mercator 4.0 (Schwacke et al. 2019).

For each obtained syntelog, the effect of the presence or
absence of an upstream TE on CCP was assessed using a phylo-
genetic implementation of the one-way aNova which accounts
for the non-independence between species on the phylogenetic
tree. For this purpose, phylogenetic ANOVAs were performed
in the R environment using the phy]JANOVA function in the

phytools 1.0.3 package (Revell 2012) using 1000 simulations
and integrated post-hoc comparisons to evaluate differences
between means.

Enrichment of Mercator bins for genes with correlating
upstream TEs was calculated using Fisher’s exact test. The iden-
tities of TEs in the GLDPI promoter were validated using the
CENSOR webtool (Kohany et al. 2006).

RESULTS
The TE landscape of C; and Cs-C, Brassicaceae species

To screen for genomic features of potential relevance to the
evolution of the C;-C, photosynthesis trait, we conducted a
pan-genomic association study of eight C; Brassicaceae species,
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seven C;-C, intermediate Brassicaceae species from five inde-
pendent origins, and one C, Cleomaceae as an outgroup spe-
cies for tree building. The five independent origins of Cs-C,
intermediate photosynthesis can be found in the Moricandia
arvensis, M. nitens, and M. suffruticosa monophylum, as well as
in Diplotaxis erucoides, D. tenuifolia, Brassica gravinae, and
Hirschfeldia incana HIR3 (Fig. 2) (Schliter & Weber 2016;
Schliiter et al. 2022; Guerreiro et al. 2023).

The species panel exhibits genome sizes ranging from 120
Mbp in A. thaliana to 677 Mbp in M. arvensis. We found no
significant difference in genome size between species exhibiting
either the C; or Cs-C, intermediate photosynthesis phenotype
(Fig. 2; one-way ANovA P > 0.05). We next de novo annotated
TEs using the EDTA pipeline (Ou et al. 2019). Overall, the
annotated fragmented and intact transposons made up
between 18% of the genome in A. thaliana and 75% in M.
arvensis. We observed differences in genome size and TE con-
tent also in closely related species, between M. arvensis and M.
moricandioides and between B. gravinae and D. viminea. Fur-
thermore, we observed that differences in genome size are
mainly due to the different TE content.

Class 1 type retrotransposons represented the majority of
identified TEs across both C; and C;-C, species (Fig. 3). For
instance, across all analysed genomes, between 60% and 68%
of all annotated TEs were Class I retrotransposons. In contrast,
the proportion of TE classes in the genomes varied greatly
across species (Fig. 3, Table S2).

The TE Class II was dominated by TEs from the Helitron
group, making up between 5% and 20% of the genome
(Fig. 3). The percentage of the genome made up of TEs from
the different classes varied between the photosynthesis types,
with a significantly higher amount of TEs in C;-C, genomes
(two-way aNova, P=0.013).

To analyse recent increases of TE activity and their potential
roles in the evolution of C;-C, intermediate photosynthesis, we
determined the insertion times of long terminal repeat (LTR)

transposons (Fig. 4, Table S3). LTR retriever, which is the LTR
annotation tool of the EDTA pipeline, detected LTR transpo-
sons to a threshold for repeat identity of 91%. Assuming a neu-
tral mutation rate of p=1.4x 10~° substitutions per site per
year (Cai et al. 2018), LTR insertion times could thus be dated
to a maximum of 4 million years ago. In general, both C; and
C;-C, intermediate species revealed the same broad pattern of
LTR bursts. Specifically, in both groups, there was an increased
frequency for LTR-TEs younger than 2 million years. However,
the increase was more pronounced for C;-C, intermediate spe-
cies, largely on account of the high number of young LTR-TEs
in M. arvensis. Statistical analysis revealed a significant correla-
tion between the age distribution of LTR-transposons and the
photosynthesis phenotype (two-way aNova, P = 0.033).

Upstream TEs are prevalent in C; and C;-C, intermediate
genomes

To better understand whether the high abundance of TEs in
C;-Cy species was global or associated with specific genes, we
next analysed the differential co-occurrence of TEs with pro-
tein coding genes. Co-occurrent TEs were defined as follows
(Fig. 5): (I) the TE starts or ends in a 3,000 bp window
upstream of the gene (upstream), (II) the TE starts or ends in a
3,000 bp window downstream of the gene (downstream), (III)
the TE is residing within an exon or intron of the gene (inside),
(IV) the TE starts but only partially resides in the gene (start),
or (V) the TE ends but only partially resides in the gene (end).
Genes with TEs within the gene model (IIT) and overlapping
TEs (IV and V) might have broken coding sequences and may
result from imprecise annotations. Across the selected 11
species, 55,148 TEs were identified to be co-occurring with a
protein coding gene in at least one species, whereas 21,643 co-
occurring TEs belonged to C; and 28,379 co-occurring TEs
belonged to C;-C, species. In both C; and C;-C, intermediate
species, over 50% of the TEs co-occurring with genes were

6000 A
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number of LTR-TEs

N

o
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o
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1000 A

-
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Fig. 4. Boxplot of LTR-TE insertion times for eight C3 and six C3-Cy4 intermediate species. The x-axis shows the insertion time in bins of 1 million years before
today (Mya). The y-axis depicts the number of identified LTR-TEs calculated to be inserted within this time frame. Calculation was performed using the LTR sim-
ilarity of each LTR-TE and a neutral mutation rate of 1.4 x 10~ substitutions per site per year. Black boxes represent C5 species, green boxes represent C3-Cy4

species.
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Fig. 5. Left panel: Different contexts of TEs co-occurring with genes. Right panel: Bar charts indicating the fractions of TE co-occurring with genes within five
contexts: starting or ending in a gene (start/end), residing within a gene (inside) or residing within a 3000 bp window upstream or downstream the gene.

located up- or downstream of the gene (Fig. 5). Analysing
potentially exaptated CREs, we focused on the up to 3000 bp 5’
region of the gene. To compare differential TE insertions
between the analysed species, we obtained syntenic gene infor-
mation for CoGe SynMap. For each of these syntenic gene
models, one-way aNova was employed, correlating the presence
or absence of a co-occurring upstream TE with the CCP of the
respective species. After correcting the P-values for the phylo-
genetic bias, we identified 113 genes where the co-occurrence
of one of the gene with an upstream TE correlated with the
CCP (P <0.05; Table 1, Table S4). Among the top ten genes
(ranked by statistical confidence) were genes involved in pho-
torespiration, such as the genes encoding the T- and P-
subprotein of the glycine decarboxylase complex (Fig. 6A).
Strikingly, the C;-C, intermediate orthologs of these genes
exhibited upstream TEs, whereas the C; orthologs lacked
upstream TEs. Thus, during the evolution of C;-C,, there was a
“gain” in upstream TEs in genes that function in photorespira-
tion (Fig. 6A). In the subset of genes which exhibit an associa-
tion between the presence of an upstream TE and the plant
CCP, two photorespiratory genes occurred (GLDP, GLDT). To
quantify putative enrichment of certain gene ontologies, each
gene was functionally annotated with a Mercator bin. Statistical
enrichment analysis using Fisher’s exact test revealed that the
Mercator bin “Photosynthesis.Photorespiration” (P = 0.002907)

Table 1. Selected subset of ten genes with upstream TEs with the lowest
P-values for their association with the CCP.

AGl locus

gene name code P-value

Glycine dehydrogenase component P-protein of ATAG33010 0.001
glycine cleavage system

Negative on TATA-less (NOT2)

Regulatory protein FLZ of SnRK1 complex

Pectate lyase

MATE efflux family protein

CYCLIN D-type regulatory protein

Regulatory protein FLZ of SnRK1 complex

Phosphocholine phosphatase (PS2/PECP1)

PLATZ transcription factor family protein

U-box domain-containing E3 ubiquitin ligase

AT5G59710 0.003
AT5G49120 0.004
AT5G63180 0.005
AT2G38510 0.005
ATA4G34160 0.005
AT5G47060 0.005
AT1G17710 0.007
AT3G50808 0.007
AT4G25160 0.007

was enriched in the set of genes that co-occur with upstream
transposons (Table 2). The occurrence of this Mercator bin was
increased 38-fold over the background, which is higher than for
any other analysed Mercator bin (Table 2).

The GLDPI upstream region shows independent TE
insertions in C;-C, intermediate genomes

As GLDP was the gene model with the strongest association
between the presence of upstream TEs and CCP, and it is
known that the differential expression of GLDP contributes to
the establishment of the photorespiratory glycine shuttle
(Monson & Edwards 1984; Rawsthorne et al. 1988; Schulze
et al. 2013), we selected this gene for further analysis. Several
studies about the underlying regulatory genetics of GLDP
expression have been conducted before (Adwy et al. 2015,
2019; Schulze et al. 2016; Dickinson et al. 2020). Only one
GLDP gene copy is present in species from the Brassiceae tribe
that contains all known C;-C, intermediate species of the Bras-
sicaceae (Schliiter et al. 2017). In contrast, the other two photo-
respiratory genes with correlating upstream TEs (Table 1,
Fig. 6A) are found in higher copy numbers, which complicates
a detailed genetic analysis.

We found three independent TE insertions in the promoter
of C;-C, intermediate GLDPI orthologs. In Diplotaxis tenuifo-
lia a Mutator TE starts at 1970 bp upstream of the GLDPI start
codon. In Hirschfeldia incana HIR3 a TE of the Helitron class is
located around 2240bp upstream. In orthologs from the
monophyletic clade Moricandia arvensis, M. nitens and M. suf-
fruticosa a MITE DNA transposon was detected, starting
1950 bp upstream of the GLDP]I start codon. We calculated the
minimum timespan since the MITE insertion by pairwise mul-
tiple sequence alignments of the MITE in the three Moricandia
GLDPI promoters using the neutral mutation rate formula
that was also employed for the calculation of LTR ages. We
found that the GLDPI promoter MITE was at least 6.5 million
years old.

All three independent TE insertions are located around
100 bp downstream of the M-Box promoter motif. This motif
was previously hypothesized to confer MC expression (Adwy
et al. 2015) since truncation of the motif from the AtGLDPI
promoter shifted GUS activity from the whole leaf apex to the
veins. Furthermore, the M-Box was reported to be lost in
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Fig. 6. A: Scatter plot for two photorespiratory genes with significant co-associated upstream TEs. The y-axis indicates the presence of an upstream TE (yes/
no), the x-axis shows the carbon compensation point. Abbreviations: GLDP/GLDT: P/T-protein of the GLYCINE DECARBOXYLASE COMPLEX B: Scatter plot for
the different architectures of the GLDPT promoter. The y-axis indicates the distance between the conserved M-Box sequence and the GLDPT start site. Each
dot represents a species. Cs species are shown in green, C3-C,4 intermediate species are shown in black. Species name abbreviations: At: Arabidopsis thaliana,
Bg: Brassica gravinae, Bo: Brassica oleracea, Bt: Brassica tournefortii, Ca: Carrichtera annua, De: Diplotaxis erucoides, Dt: Diplotaxis tenuifolia, Dv: Diplotaxis
viminea, HIR1: Hirschfeldia incana HIR1, HIR3: Hirschfeldia incana HIR3, Ma: Moricandia arvensis, Mm: Moricandia moricandioides, Mn: Moricandia nitens, Ms:

Moricandia suffruticosa.

Table 2. Results from two-sided Fisher’s exact test for the enrichment of
Mercator bins within the set of genes with significant upstream
transposons.

genes genes
with with odds

Mercator bin P>0.05 P<0.05 P-value ratio

Photosynthesis.Photorespiration 3 2 0.002907 38.2
Multi-process 9 2 0.014932 12.7
regulation.SnRK1-kinase

regulation
Cell wall organization.cell wall 32 3 0.022505 5.4
proteins
Solute transport.channels 45 3 0.050587 3.8

C;-C, intermediate Moricandia species (Adwy et al. 2019).
However, upon closer inspection, we found a highly conserved
M-Box motif in all Brassicaceae genomes analysed here. Nota-
bly, the M-Box was shifted upstream due to the TE insertion in
C;-C, species, with the exception of D. erucoides (Figs 6B and
7, Table S5). In Brassica gravinae, the EDTA pipeline did not

annotate an upstream transposon. However, we found a large
insertion of unknown origin in the B. gravinae GLDPI pro-
moter. This insertion is larger than the three reported TE cases
but could be found in a similar position compared to the other
GLDPI promoter insertions of TE origin (Fig. 7). In the
GLDP1 promoter of C;-C, intermediate species D. erucoides no
insertion could be found.

From five analysed C;-C, GLDPI promoters, we found a
large insertion behind the conserved M-Box in four cases
(monophyletic C;-C, intermediate Moricandia clade, Diplotaxis
tenuifolia, Brassica gravinae and Hirschfeldia incana HIR3;
Fig. 6B). Out of these four cases where the insertions occurred,
we found evidence for the sequence being a TE in three cases
(Fig. 7).

DISCUSSION

Individual TE insertions, not global TE patterns, are
associated with C;-C, intermediate photosynthesis

Evolution of new complex traits such as Cs3-C4
photosynthesis and C, photosynthesis requires the differential
regulation of multiple genes. This includes differential gene
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Fig. 7. Schematic representation of the GLDP1 promoter region. “ATG..." depicts the start site of the GLDP1 gene. Dark grey boxes represent characteristic
TE sites such as target site duplications or the Helitron insertion sites. Grey arrows depict terminal inverted repeat motifs. The M-Box motif is highlighted as a
green circle. In Cs species such as Arabidopsis thaliana no TE is annotated in the promoter sequence, leading to a low spacing between the M-Box and the
GLDP1 start site (A). In the C3-C4 intermediate Moricandia species, a MITE TE begins around 1950 bp upstream of the GLDP1 start codon (B). In Diplotaxis
tenuifolia, a Mutator TE begins 1970 bp upstream (C). In Hirschfeldia incana HIR3 a Helitron with a highly conserved hairpin loop structure is inserted around
2240 bp upstream (D). Although being a C3-C4 intermediate species, the Diplotaxis erucoides GLDPT promoter did not have an insertion behind the M-Box.
(E). In Brassica gravinae a large insertion of unknown origin could be found behind the M-Box region (F).

expression across both MSC and BSC tissue as well as the
installation of light-responsiveness for genes of the core metab-
olism (reviewed in Hibberd & Covshoff (2010)). In many cases,
the evolution of differential gene regulation takes place in pro-
moter sequences, either by introduction or suppression of
cis-elements.

A few cis-elements for MC specificity have been previously
found, including the MEM1 motif from the Flaveria trinervia
phosphoenolpyruvate carboxylase gene (Gowik et al. 2017) as
well as the M-Box sequence in Brassicaceae (Adwy et al. 2015;
Dickinson et al. 2020).

TEs have the potential to deliver or suppress cis-elements
upon their insertion in a target promoter. TEs can generate
antisense transcription, interrupt or generate heterochromatic

regions, or serve as raw material for the de novo evolution of
new cis-elements (reviewed in Feschotte (2008)). The role
of TEs in the evolution of C, photosynthesis is only just start-
ing to being uncovered. The present study comprises the first
pan-genomic association analysis to assess the importance of
TEs in the evolution of C;-C, intermediacy. Specifically, to do
this, we analysed the role of differential TE landscapes in 15
Brassicaceae species. First, we investigated whether genome size
and TE content correlate with the presence of the C3-C, photo-
synthesis phenotype. Across our species panel a variety of
genome sizes is present (Fig. 2), but we could detect no correla-
tion between genome size and the presence of the photosynthe-
sis trait. However, it is possible that different levels of
heterozygosity in the sequenced species may confound these
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results and genome size estimations have to be handled
with care.

Within the Brassicaceae family species exhibiting Cs-C,
intermediate traits can only be found in the Brassiceae tribe.
Notably, species from this tribe seem to have undergone recent
polyploidization events (Walden et al. 2020) and exhibit larger
genome sizes than species from neighbouring tribes (Lysak
et al. 2009).

Next, we analysed the proportion of TEs across individual
genomes. Our estimation of TE proportions is consistent with
previously analysed Brassicaceae genomes (Mirouze &
Vitte 2014; Liu et al. 2020) and the Gynandropsis gynandra
genome (Hoang et al. 2022). While genome size and TE con-
tent vary between species, we found a significant correlation
between the photosynthesis phenotype and the proportion of
the genome occupied by TEs in the respective species. More-
over, we found a recent burst in LTR-TE activity that is consis-
tent with other studies (e.g., Cai et al. 2018). The recent sharp
increase in LTR-TE bursts in C;-C,4 species comes mainly from
Moricandia arvensis and might rather be due to high heterozy-
gosity of LTR-containing genomic regions (Fig. 4). Although
we found a significant correlation between LTR content and
age with the C;-C, intermediate phenotype, we cannot ulti-
mately conclude that LTR transposon bursts contributed to the
evolution of the C;-C, intermediacy. Our LTR age analysis is
limited to an LTR age of 4 million years. Given the estimated
divergence time of 2—11 million years for C; and C5-C, inter-
mediate Moricandia species (Arias et al. 2014), our analysis of
LTR insertion times will miss the contribution of older LTRs to
the evolution of C;-C, intermediate traits. Furthermore, based
on sequence identity between the C;-C, intermediate Morican-
dia GLDPI promoters, we estimate the age of the MITE in the
Moricandia GLDPI promoter to be at least 6.5 million years.
This also falls within the proposed divergence time C; and C;-
C, intermediate Moricandia species of 2—11 million years (Arias
et al. 2014). Thus, changes in TE content occurred concomitant
with the evolution of C;-C, intermediate photosynthesis and
occurred in genes whose expression is required to change for
operation of a C;-C4 cycle.

In the descriptive whole-genome view, we observed correla-
tions between TE content and age and the C;-C, intermediate
phenotype. Yet, however, there is an individual TE pattern even
in closely related lines (Fig. 2). We therefore conclude that the
role of TE activity may have an influence on C5-C, evolution,
but not necessarily via means of general TE activity (TE out-
bursts or TE purging) but rather via selective TE insertions to
relevant genes or upstream regions. To analyse this, we
employed a pan-genomic de novo transposon—gene association
study, where we correlated the co-occurrence of TEs with genes
to the presence of a C;-C, intermediate phenotype.

In both C; and C;-C, intermediate species, more than 50%
of the analysed co-occurring TEs were upstream or down-
stream of the respective co-occurring gene or spanning the
gene. This is biologically plausible, as TEs crossing gene borders
may disturb gene function and intergenic regions can harbour
transposable elements (Buchmann et al. 2012). Nevertheless,
we found over 30% of the transposons crossing the borders of
annotated genes. We assume that this was due to imprecise
annotations by the TE identification pipeline.

Differential gene regulation mediated by variation in
upstream regions was shown to be a driver of C, trait evolution

in multiple, well documented cases (Wiludda et al. 2012; Adwy
et al. 2015; Williams et al. 2015; Gowik et al. 2017). Our analy-
sis revealed 113 genes with an upstream TE that correlates with
the presence of a C;-C; intermediate phenotype (Fig. 7;
P < 0.05). Enrichment analysis of Mercator bins for this set of
genes revealed an enrichment of the codes “Multi-process regu-
lation.sucrose non-fermenting-related kinase (SnRK1) regula-
tion” and “Photosynthesis.Photorespiration”. SnRK1 was
shown to act as a central regulator of starvation metabolism
that mediates energy homeostasis between organelles (Wurzin-
ger et al. 2018). During nutrient starvation, SnRK1 subcom-
plexes were found to regulate the differential expression of over
600 target genes (Baena-Gonzalez et al. 2007). Strikingly, ultra-
structural adjustments and re-localization of the GDC P-
protein to the BSC were demonstrated as a result of nitrogen
starvation in the C;-C,; intermediate species Chenopodium
album (Oono et al. 2022).

There is a clear bias of TE retention upstream of photore-
spiratory and SnRK1-regulatory genes in C;-C, intermediate
species, although with a small effect size (two out of five genes
with P < 0.05 for “Photosynthesis. Photorespiration”; two out
of 11 genes with P < 0.05 for “Multi-process regulation.SnRK1
regulation”; see Table 2).

We suggest that TE retention upstream of these genes has
functional consequences, such as differential gene expression,
putatively due to the co-option of new, or suppression of exist-
ing, cis-elements. Strikingly, the set of genes that are signifi-
cantly enriched for the presence of TEs in the upstream region
contains multiple genes involved in photorespiration, such as
those encoding the T- and P- proteins of the glycine decarbox-
ylase complex (GLDT/GLDP). The modification of photorespi-
ration is an important step towards the establishment of the
glycine shuttle. The enrichment of TE insertions upstream of
photorespiratory genes in C;-C, intermediates is a potential
hint that TEs play a significant role in the introduction of the
glycine shuttle.

The TE insertions in the GLDPI upstream region are highly
convergent drivers of bundle-sheath cell specificity

The GLDP gene is a well-characterized example for differential
gene expression at the early stages of C;-C, evolution across
multiple plant lineages (Schulze et al. 2013; Schliiter &
Weber 2016). In the Brassiceae tribe, the GLDP2 copy was lost
(Schliiter et al. 2017). Additionally, GLDPI was reported to be
differentially expressed between C; and C;-C, intermediate
Moricandia species (Hylton et al. 1988). In A. thaliana, GUS
activity was restricted to the BSC by truncating the GLDPI pro-
moter in the position of the M-Box, a promoter element ca.
800 bp upstream of the AtGLDP]I gene start site. It was hypoth-
esized that the M-Box confers MC expression, whereas expres-
sion in BSC is controlled by a MYC-MYB transcription factor
binding module (Dickinson et al. 2023). Promoter-GUS
fusions showed that the GLDPI promoter of the C; species M.
moricandioides conferred GUS expression to both MC and
BSC, whereas the GLDP1 promoter of the C;-C, intermediate
species M. arvensis restricted GUS expression to the BSC (Adwy
etal. 2019).

Adwy et al. (2019) explain the establishment of the glycine
shuttle in Moricandia by the loss of the M-Box in C;-C, inter-
mediate Moricandia species. However, in contrast to this, we
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found the M-Box sequence in all our analysed GLDPI pro-
moter variants, although this motif was shifted by over 1000 bp
further upstream by the insertion of three independent TEs
in the promoters in three independent evolutionary origins of
C;-C, intermediate photosynthesis, and by an insertion
of unknown provenance in a fourth independent origin. This
shift may have led to the M-Box being overlooked in previous
studies.

Based on the findings of Adwy ef al. (2019), we conclude
that not the loss of the M-Box, but rather the upstream shift of
the element by insertion of a TE has led to the differential
tissue-specific expression of the GLDPI gene. The upstream
shift of the M-Box was mediated by three independent
TE insertions in lines with independent evolutionary origins of
C;-C, photosynthesis. This hints at a remarkable convergent
evolutionary genetic mechanism in C;-C, evolution. We sug-
gest that the loss of GLDP2 paved the way for neofunctionaliza-
tion of the GLDPI copy in the Brassiceae tribe, the only
Brassicaceae tribe containing C;-C, intermediate species. This
was mediated by the insertion of a TE in the promoter, sup-
pressing the M-Box element and shifting GLDPI expression. It
is questionable whether the TE insertion took place before or
after the preconditioning of C;-C, photosynthesis by anatomi-
cal adaptations, such as higher vein density and the distinct leaf
anatomy. Hypothetically, limited expression of GLDPI in the
MC may have been deleterious without further adaptations,
which could have prevented the TE retention in the promoter.
In D. erucoides we do not find a transposon in the GLDP]I pro-
moter region. The spacing of the M-Box to the GLDPI
start codon is in the range of C; plants (Fig. 6B). However,
D. erucoides shows C;-C, intermediate phenotypes (Schliiter
et al. 2017; Lundgren 2020). We assume that, being an inde-
pendent evolutionary origin of C;-C,4 intermediate photosyn-
thesis, D. erucoides either shifted GLDPI expression to the BSC
by different means or, alternatively, that there must be other
additional regulators in the GLDPI promoter beyond our
transposon-M-Box model. Contrasting the well-studied GDC
activity and localization in Moricandia species, there are
no data on the D. erucoides GDC biochemistry and
genetics. Therefore, we cannot rule out that the glycine shuttle
in D. erucoides is mediated by a different GDC regulation com-
pared to the other C;-C, intermediate species, such as the dif-
ferential activity of the GDC T-, L-, or H- proteins.

By adopting a whole-genome view of TE density and gene—
TE associations, our study highlights the potential importance
of TE insertions in contributing to the convergent evolution of
C;-C, intermediacy. Differential GLDP expression is one of the
most important innovations that occurs and facilitates
the establishment of the glycine shuttle. The novel genetic
mechanism of differential GLDPI regulation by a TE-mediated
insertion causing an upstream shift of the M-Box must be veri-
fied in experimental work. The lack of efficient transformation
protocols represents a significant impediment to functional
genetics studies in non-model plants. Thus far, the successful
transformation of any plant within our Brassicaceae species
panel, apart from A. thaliana, has proven elusive, thereby pre-
cluding genomic engineering in C;-C, intermediate Brassica-
ceae. The validation of the impact of TEs, for example on
GLDP1 expression in planta, hinges on the future accessibility
of these species to genetic transformation. These experiments
may necessitate the alteration of TE types or manipulating

the positioning of CREs in upstream regions. For example,
using a CRISPR-associated genomic engineering technique, TE
insertions in upstream regions could be changed to different
TE types, elongated, shortened or even relocated to down-
stream or intronic positions. Studying the influence of TEs on
regulatory upstream regions via promoter—reporter studies can
be conducted using transgenic A. thaliana lines. Nonetheless, it
is imperative to consider that, due to their involvement in epi-
genetic regulation, particularly as hotspots for cytosine methyl-
ation, transgenic TEs may behave distinctly in transgenic A.
thaliana when compared to their behaviour in their native host
plant. Studying those genetic mechanisms of gene regulation in
C;-C, intermediate species will pave the way for a better under-
standing of the C, trait and facilitate genetic engineering
efforts.
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Appendix S2. Supporting Information.
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Figure S1. Flow chart depicting the computational workflow
for the pan-genomic transposon-gene association study. File
names highlighted in blue refer to scripts under https://git.
nfdi4plants.org/hhu-plant-biochemistry/triesch2023_brassicaceae_
transposons/-/tree/main/workflows. A: The extensive de-novo TE
annotator (EDTA) software was used to annotate transposons in
the selected genome sequences. EDTA distinguishes between
intact and fragmented transposable elements (TEs). For the corre-
lation of TEs and genes, only the intact TEs were used. Illustrated
is one example TE (blue box) on a hypothetical contig at position
10002000 on the contig. Helixer was used to generate structural
gene annotations. Depicted is one example gene (brown boxes)
on a hypothetical contig at position 2500-5000 on the contig. B:
Using a custom python script, the.gff3 files, containing the TE and
gene annotations were compared and TE-gene associations as
depicted in Fig. 5 were searched. In the example, the TE (blue
box) resides up to 500 bp upstream of the example gene (brown

box) and would thus be considered an upstream TE. C: For each
genome, lists containing genes with TEs from the categories pre-
sented in Fig. 5 were created. The example from B would thus be
appended to a list with genes that are associated with upstream
TEs. Mercator was used to assign a functional annotation (Merca-
tor bin) to all genes. Steps A—C were repeated for each genome. D:
From the lists of genes with associated TEs per genome, a matrix
was created where for each gene and species, the association of a
gene with a TE was correlated with the carbon compensation
point (CCP) of the species. These associations were tested using
one-way ANova and resulting P-values were corrected for phyloge-
netic bias. Thus, a corrected P-value was assigned to each gene
that indicated, whether there was a correlation of an associated TE
with the CCP. E: From the P-values per gene, an arbitrary thresh-
old of P < 0.05 was applied to divide the dataset. Fisher’s test was
used to quantify enrichment of Mercator bins within genes with
P < 0.05.
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